sequencing (Fig. 1) . In most gene hunting efforts, the We propose a new experimental protocol, ExonPCR, major motivation for the genomic subcloning and sewhich is able to identify exon boundaries in a cDNA quencing steps following cDNA isolation is to detereven in the absence of any genomic clones. ExonPCR mine the gene's exon-intron boundaries. This step is can bypass the isolation, characterization, and DNA often critical to searches for mutations (or polymorsequencing of subclones of genomic DNA to determine phisms) associated with a disease gene. If the expresexon boundaries: a major effort in the process of posi-sion of the candidate gene is limited to tissues that are tional cloning. Given a cDNA sequence, ExonPCR uses difficult to access, mutation screens must be based on a series of ''adaptive'' steps to analyze the PCR prod-genomic PCR amplification and sequencing of each ucts from cDNA and genomic DNA thereby revealing exon in normal and diseased individuals. This requires the approximate positions of ''hidden'' exon bound-the design of intronic PCR primers flanking each exon. aries in the cDNA. The nucleotide sequence of adjacent Traditionally, the exon boundaries are obtained by intronic regions is determined by ligation-mediated comparing the cDNA and genomic sequences. The PCR. Primers adjacent to the ''hidden'' exon bound-whole process can be very time-consuming and may aries are used to amplify genomic DNA followed by involve multiple cloning and subcloning steps as well limited DNA sequencing of the PCR product. The as extensive sequencing.
INTRODUCTION
on genomic DNA using those primers identified as flanking cDNA regions containing an A positional cloning approach to finding the gene(s) exon boundary in the first step. The amplified genomic responsible for a disease starts from genetic mapping PCR products containing the exon boundaries and adand proceeds to the detection of disease-related muta-jacent intronic regions are then directly sequenced. As tions. A multitude of steps (see Dracopoli et al., 1996) a consequence, the DNA sequencing effort in a posiare required that include genomic cloning of large DNA tional cloning project can be vastly reduced, and the fragments and their use as probes for screening cDNA ExonPCR data can be immediately used to design mulibraries, direct cDNA isolation, exon trapping, etc., tation detection strategies. Finally, if a cDNA is isoand, finally, subcloning of the large genomic clones for lated without making use of genomic clones, for example, by antibody screening, the sequence of its exon boundaries can be determined by ExonPCR even in the Under our conditions, we estimate that fragments as large as 450
MATERIALS AND METHODS
bp could be resolved to within a minimum of {5%. Identical electrophoretic mobilities within the limits of our gel resolution imply the cDNAs absence of any intron between the PCR primers since the minimum intron size is close to 70 bp. The fully sequenced cDNA plasmid clone containing hMSH2 (Accession No. g432997) (Leach et al., 1996) was a gift from Ken Kinzler and Bert Vogelstein. The cDNA clone containing human PRDII-BF1 Ligation-Mediated PCR and DNA Sequencing cDNA (pCS2-PRDII-BF1) was a gift from Rahul Warrior and Jason Ligation-mediated PCR was carried out using a slight modification Duncan. This plasmid was derived from pCDM8-PRDII-BF1 (Accesof the method previously described (Garrity and Wold, 1992) . Genomic sion No. X51435) (Fan and Maniatis, 1990) . Plasmid pCS2-PRDII-DNA was digested with one of a number of frequently cutting restriction BF1 contains all but the 5-most 152 nucleotides of the 9020-bp enzymes and, if necessary, overhangs were filled in. A linker-primer PRDII-BF1 cDNA. was then ligated to the newly created blunt ends. In this way, distinct genomic DNA stock samples, each treated Primers with a different restriction enzyme before linker-primer ligation, were available for amplification with primers adjacent to any exon boundary Primers were designed using Oligo primer analysis software. Primers from any cDNA. To determine the intron sequence adjacent to the 3 were ordered from Operon Technologies, Inc. (Alameda, CA) and used end of an exon, an exon-specific forward primer close to the potential without further purification. Primers averaged 22 bases in length but intron location was used in a PCR with the linker-primer. An aliquot ranged from 18 to 32 bases depending upon the base composition.
of the first PCR was used in a second round of amplification involving a second exon-specific primer just downstream of the first (heminesting)
PCR
and the linker-primer. Second-round PCR product was subjected to DNA cycle sequencing (fmol, Promega) using the second exon-specific primer. Each 100-ml polymerase chain reaction contained 100 mM each Intron sequences adjacent to the 5 end of the exon were analyzed in dNTP, 5 units Taq polymerase (Thermus aquaticus; Promega), 0.1 the same way but using two heminested reverse primers. mg/ml gelatin, 75 pmol each primer, and PCR buffer (1.5 mM MgCl 2 , 50 mM KCl, and 10 mM Tris, pH 8.3). The number of target molecules used for either cDNA plasmid or genomic DNA PCR was 3.6 1 10 4 .
Details of the ExonPCR Algorithm and Software
The samples were overlaid with 40 ml light mineral oil. Reactions were carried out for 30 cycles in a MJ Research thermal cycler in We used a number of different heuristic strategies to design prim-96-well microtiter plates. After an initial denaturation at 94ЊC for 4 ers for the PCR experiments with hMSH2 and PRDII-BF1. Clearly, min, each cycle consisted of a 55ЊC, 1-min annealing, a 72ЊC, 2.5-a carefully devised strategy that minimizes the total number of PCR min extension, and a 94ЊC, 30-s denaturation. PCR ended with a primers that are used (to reduce cost) and at the same time minifinal 72ЊC, 5-min extension.
mizes the number of required rounds of PCR experiments (to reduce time) would be of great value. The goals of minimizing both the total number of primers and the number of rounds of PCR conflict with
Size Analysis of PCR Products
each other. A minimum number of primer pairs is achieved in a sequential ''dichotomy'' protocol in which only one primer pair is Comparison of the sizes of the PCR products from cDNA with those from genomic DNA was made by electrophoresis of 10-ml samples on designed in every round based on the results of earlier rounds of experiments. This strategy is unrealistic since it leads to an excessive 8 1 6 1 0.2-cm 5 or 6% polyacrylamide gels run using 11 TBE. number of rounds. An alternative ''single-round'' protocol designs all search (Cormen et al., 1990) . For k ú 1, the lower bound on the number of queries used by any algorithm for this problem utilizing possible primer pairs in a single round thus leading to an excessively large number of primers. Since these criteria are conflicting, we the decision tree model is lg(n!/((n-k)!k!)). In the biologically relevant searched for a tradeoff between the dichotomy strategy (leading to case k Ӷ n, the minimum number of queries is Çk lg n 0 k lg k. For a theoretically minimum number of primers but an impractically the case n Å 2947 and k Å 15 (hMSH2), approximately 100 queries large number of rounds) and the single-round strategy (with an imare necessary if one wants to find the exact positions of exon boundpractically large number of primers in a single round).
aries. If one can tolerate an error D in the positions of exon boundaries, the lower bound on the number of queries is approximately k Simplified mathematical statement. In its simplest form, the lg(n/D) 0 k lg k. For n Å 2947, k Å 15, and D Å 30, the number of ExonPCR problem can be formulated as follows: given an (unknown) queries is reduced from 100 to approximately 50. set I of integers in the interval [1, n] , reconstruct the set I by asking
The described strategy requires a large number of adaptive steps the minimum number of queries ''does a given interval contain an (only one pair of primers is generated at every step). However, the integer from I?'' In this formulation, interval [1, n] corresponds to strategy can be parallelized in such a way that the resulting algorithm cDNA, I corresponds to exon boundaries, and the queries correspond has a small number of rounds. At the first round, we propose to run to polymerase chain reactions defined by a pair of primers.
PCR for k fragments of size n/k uniformly covering the cDNA fragment. For the sake of simplicity, we consider the case in which the numAt the following rounds the exon boundaries can be resolved by approxiber of exon boundaries, k, is known. For k Å 1, the optimal algorithm for this problem requires u(lg n) queries and is similar to binary mately k(1 0 1/e) procedures similar to binary search running in paral- lel. This approach leads to an algorithm with approximately u(lg n) since the splicing shadow signals are very weak, the rounds, each round involving u(k) queries. It closely fits the theoretical corresponding predictions are unreliable. We propose lower bound on the overall number of queries.
an experimental approach to finding exon boundaries Experimental constraints. The exon detection problem described in a cDNA. Primers are designed from the cDNA seabove does not take into account a number of biologically relevant quence and used to amplify genomic DNA. Each pair details: (i) the number of exon boundaries is not known in advance;
(ii) there exists lower and upper bounds on the length of queries of primers serves as a query asking the question (distance between PCR primers); (iii) primers can be reused in later whether, in genomic DNA, there exists an intron(s) adaptive steps, and the goal is to minimize the number of primers between the primer sequences. The answer to this rather than the number of pairs of primers used in all adaptive query is provided by comparison of the length of PCR steps; (iv) PCR primers overlapping with exon boundaries may not products in cDNA and genomic DNA. We recognize hybridize with genomic DNA; (v) failure of some PCR primers; and (vi) errors in PCR experiments. These complications lead to a variety three answers to this query. A pair of primers located of algorithmic problems. In particular, the lower bound on the dis-within the same exon will produce the same-sized PCR tance between PCR primers imposes a lower bound of 70 nt on the product with both templates. We call the regions belength of the queries for the default setting of ExonPCR. It implies tween PCR primers located within the same exon E that the subdivision strategy becomes impossible for unresolved areas shorter than 140 nt. Below we describe a modified strategy regions. If the PCR product using genomic DNA is addressing these complications.
longer than expected from the cDNA sequence or is ExonPCR algorithm. ExonPCR divides a cDNA into (possibly missing altogether, the region is likely to be interoverlapping) regions of the following three types: (E) no splice site rupted by an intron(s) in genomic DNA. Such regions in the region, (I) splice site in the region, and (U) unknown. The goal are called I regions. Regions the status of which cannot of the algorithm is to find relatively short I regions containing all be defined as either E or I due to experimental uncerexon boundaries. ExonPCR designs approximately k pairs of primers (k Å cDNA length/average exon length) uniformly covering the cDNA tainties (e.g., a pair of primers may not work on the in the first round (assuming the lengths of the corresponding queries cDNA) are called U regions.
are not less than min-query). Later rounds keep subdividing each
In the first round of PCR experiments, primers are region until a desired resolution is reached (Fig. 2Ci ).
designed to completely cover the cDNA at approxiComplications arise when a region gets below 2rmin-query (140 nt for the default setting of ExonPCR), since we cannot subdivide mately equal intervals (Fig. 3A) . The size of these interfurther without violating the constraint on the minimum distance vals depends upon the estimated PCR length efficiency, between primers. In these cases, ExonPCR uses two different strate-the total length of the cDNA, and other considerations.
gies to reduce the size of short I regions further. The first one atRegions that fail to give the same-sized fragment in tempts to generate nonoverlapping queries from adjacent E regions (Fig. 2Cii) . In the absence of adjacent E regions, the algorithm generboth genomic DNA and cDNA samples (I or U regions) ates overlapping queries (Fig. 2Ciii) ; it is hoped that at least one of are the subject of additional rounds of experiments that them would give a ''no-splice'' result, thus shrinking the region.
divide the I regions into subregions and resolve the To design primers for the next round, ExonPCR transforms a set of experimental difficulties in the U regions. Different the resulting possibly overlapping regions into a set of nonoverlapping types of strategies may be used for subdivision. In one, regions, generating a partition of the cDNA. These transformations lead to simplification of the structure of overlapping fragments (Fig. a forward and a reverse primer completely complemen-2D shows some cases of input data transformations in generating the tary to each other are placed in the middle of the region fragments).
( Fig. 3B) to query the two halves independently. In a second strategy, a number of primers of the same sense
RESULTS
(for example, all reverse primers, Fig. 3C ) are placed at regular intervals along the region. Each is tested PCR Strategy for Locating Exon Boundaries with the first-round forward primer. Finally, combinawithin a cDNA tions of both new forward and new reverse primers can be made (Fig. 3D) . If needed, additional rounds using Theoretical attempts to find exon boundaries in iterations of these strategies may be carried out. The cDNA (Gelfand, 1992; Solovyev et al., 1994) explored goal is to increase the number of E regions and reduce the weak consensus of splicing signal shadows (i.e., parts of the splicing signals present in exons). However, the size of I regions to as small a DNA segment as for illustrative purposes is shown at a unique position. The locations of sites of cleavage by a particular restriction enzyme (X) in the intron are shown. These sites are also unknown to the experimenter, who does, however, know that there are no sites in the immediately surrounding cDNA sequence. et al., 1995) . Therefore, we also carried out this experi- but one of the I regions. LMPCR and sequencing of this one I region indicated that more than one intron must Note. The numbers in parentheses indicate the maximum number interrupt this portion of the cDNA sequence in genomic of basepairs within which there must exist an exon boundary(s) in DNA. In this I region, the cDNA sequences adjacent to the cDNA. The cDNA nucleotide numbering system is given in Leach et al. (1996) . the 5 and 3 splice sites were not adjacent to each other in the cDNA. The cDNA sequence that bridged these two sequences was missing and must represent another exon. possible. The process will be faster and cheaper if the Using primers designed from the missing cDNA senumber of primers and the number of rounds of experi-quence, we repeated the LMPCR and sequencing and ments are minimized (see Materials and Methods).
established an additional exon boundary in the cDNA that accounted for the missing cDNA sequence. Analysis Location of Introns in the hMSH2 Gene of I regions with multiple introns is discussed below (see also Figs. 2C, 2D, 3I, and 3J). To evaluate the ExonPCR approach, we carried out a Figure 4A shows the partial genomic DNA sequences ''blind'' analysis of the hMSH2 gene. The positions of the of the eight introns (16 exon-intron boundaries) in hu-15 introns in this gene are known (Kolodner et al., 1995) . man PRDII-BF1. A comparison between the positions For the first round of PCR experiments, 40 primers diof the human and the mouse boundaries relative to the vided the 2947-bp hMSH2 cDNA (Leach et al., 1996) into translational start codon is shown in Fig. 4B . Human 20 regions averaging approximately 150 bp each. Except introns II-VII are located at positions identical with for the 5-most forward and 3-most reverse primers, the mouse introns III-VIII, respectively. Human intron forward and reverse primers at each internal position VIII and mouse intron IX are two and one codons, rewere identical in size and completely complementary to spectively, upstream of a sequence conserved in seven each other (Fig. 3A) . After the first round of PCR, 15 I, of eight amino acids (SSVxLPPA) . Finally, the position 3 E, and 2 U regions were detected.
of human intron I, 5 of the start codon, is somewhat A second round of PCR experiments was initiated to ambiguous due to a sequence duplication (Fig. 4A ). subdivide the I regions and to reexamine the U regions.
The dinucleotide AG is found at all the human 3 splice Thirty-four new primers were used with each other or in sites. A GT dinucleotide is found at each 5 splice site of combination with primers from the first round. After a human introns II-VIII except for intron V, which has third and final round of experiments (requiring the synthe rare noncanonical splice site GC. Like all known GC thesis of 31 additional new primers), 15 I regions were splice sites, the site in intron V has a G one base 5 and identified and localized to within an average of 55 bp another G four bases 3 of the splice site G (Mount et al., (range 27-99 bp) of the cDNA. Each I region included 1992). Interestingly, the same GC donor splice site is the location of 1 of the 15 known hMSH2 introns. Table found in the comparable mouse intron (VI). The evolu-1 shows the intron positions established by cloning and tionary conservation of this unusual splice site suggests sequencing (Kolodner et al., 1995) compared to their loca-selection for some important function. tions established by the PCR experiments.
DISCUSSION

Analysis of the Human PRDII-BF1 Gene Gene Characterization Location of introns. The human PRDII-BF1 cDNA is
ExonPCR makes it possible to search for gene mutations (or polymorphisms) based only on knowledge of a over 9000 bp in length (Fan and Maniatis, 1990 ). The (Brady et al., 1995) ]. The introns are indicated by an asterisk. The ---shown for human intron VIII reflects the fact that alignment of the mouse cDNA with the human cDNA results in a gap of four amino acids in the human sequence (Brady et al., 1995) .
cDNA sequence and without any need to either isolate boundaries have been detected by direct sequencing reactions on whole lambda, BAC, or P1 clones using primers or sequence genomic clones. cDNAs isolated by screening cDNA expression libraries with an antibody or us-chosen from the cDNA sequence (see Wang et al., 1997 for example). In another approach, DNA from a YAC coning degenerate oligonucleotide probes obtained by protein purification and peptide sequencing are but two taining a portion of the dystrophin gene served as a template for a LMPCR-like amplification (vectorette PCR) usexamples of such an application. ExonPCR could also find exon boundaries in assembled EST contigs such ing primers already known to reside close to an exon boundary (Roberts et al., 1992) . It was possible to sequenas in the Incyte cDNA database, again without the need for any genomic cloning. ExonPCR would be useful for tially walk across the cDNA using primers from the newly identified exon boundaries. In such cases, primer choice is small laboratories without a large-scale physical mapping and sequencing capability.
based on previous knowledge of the gene, is totally random, or uses a predetermined but fixed positioning stratThe ExonPCR strategy will be very useful for largescale approaches to gene discovery that focus on cDNA egy. Using the ''adaptive'' approach of ExonPCR to locate the approximate positions of the exon boundaries first isolation using genomic clones. Hybridization of labeled fragments from large genomic clones derived from the might allow the sequencing effort to be reduced considerably. suspect chromosomal interval with DNA chips spotted with a cDNA array (Drmanac et al., 1996; Schena et al., Finally, there are some approaches to gene discovery that will not benefit from using ExonPCR. Large-scale 1996) or an oligonucleotide array representing all unique ESTs (Chee et al., 1995) will quickly identify candidate genomic sequencing and analysis by gene prediction software may result in the detection of potential exons cDNAs. The sequences on the chip that give a positive signal with the genomic clone can be used to isolate candi-from a region of interest. These sequences can then be used to isolate full-length cDNAs. The exon boundaries date cDNAs that can be the subjects of an ExonPCR protocol preliminary to mutation detection. No sequencing of could follow automatically, depending on the extent of the previous genomic sequencing effort. any genomic clones is required and ExonPCR can be carried out in parallel on a large number of different cDNAs.
When large genomic clones and subclones are already Speed and Cost of the Method available, ExonPCR could also prove valuable in alternative approaches to exon boundary identification involving
We tested the ExonPCR algorithm with a standard sample of 257 fully characterized human genomic sedirect sequencing of small portions of these clones. Exon TABLE 2 most three times that needed for an average cDNA, the actual cost is rather modest since primer prices are con- with a large number of cDNAs, thus reducing the average time required per cDNA.
Note. The final resolution is fixed at 50 bp.
Once the boundaries are approximately located, the LMPCR step to generate small fragments for DNA sequencing can also be rapid. In some cases, new primers quences from GenBank (Gelfand et al., 1996) . Since the exon boundaries for all these genes are known, the (27 for PRDII-BF1) may need to be made due to the heminesting requirement of LMPCR. The two cDNAresults (assuming no U regions are generated) of every PCR can be predicted. The first round consists of subdi-specific LMPCR primers must be very close to one another, and two primers that fulfill this requirement viding the cDNA so that an initial resolution is satisfied. The later rounds reduce the resolution until a final may not be available from among those synthesized during the exon boundary localization experiments. resolution is reached. Note that the algorithm only attempts to generate primers so that a desired next reso-Heminesting, however, allows the production of pure PCR product ready for direct sequencing. lution is met, but it does not guarantee that this is achieved (in some cases this is theoretically impossi-
In our experiments the LMPCR step was carried on after the resolution was reduced to 30-70 bp. Starting ble). Table 2 shows the average number of primers and the average number of rounds with initial resolutions LMPCR at earlier rounds (or even at the very beginning) reduces the cost of PCR primers but increases of 70, 125, 250, and 500 bp and final resolution of 50 bp. The table shows that an initial resolution between the cost of the sequencing effort. It also leads to difficulties in placing heminesting primers since the sizes 125 and 250 bp gives a good tradeoff between the number of primers and the number of rounds.
of the exonic areas are expected to be small. We fixed the initial resolution at 150 bp and studied the effects of using different final resolutions on the Limitations of Intron Localization Using PCR 257 cDNAs. Figure 2 shows the least squares fits of ( Fig. 2A) the number of primers and (Fig. 2B ) the num-
The ExonPCR approach identifies short regions in the cDNA that contain all exon boundaries. Usually ber of rounds versus the number of exon boundaries (for an initial resolution of 150 bp and final resolutions each I region contains only one exon boundary in cDNA (one intron in genomic DNA). Given that the goal is to of 30, 50, and 70 bp). For all these final resolutions, ExonPCR generates on average from four to six primers define I regions to less than 100 bp, any I region with multiple introns should contain only a very small exper exon boundary. Analysis of the 257-human-gene sample from GenBank suggests that, using ExonPCR, on(s). Further partitioning of such I regions using the ExonPCR algorithm may be theoretically impossible. the numbers of primers needed for finding exon boundaries in an average cDNA is around 30 (using three However, multiple introns existing within a single I region can be detected by LMPCR and sequencing as rounds of PCR).
Before the ExonPCR algorithm was implemented, the demonstrated in our analysis of the PRDII-BF1 gene. If two boundaries exist within a short I segment, seexperiments on hMSH2 and PRDII-BF1 to test the feasibility of the approach used a number of different heuristic quencing from each end of the I region will identify two boundaries but the cDNA sequence corresponding to subdivision strategies with ''overlapping'' primers generated without the help of the computer. The conservative the exon between the two introns will not be detected.
The small exon is thus identified and primers within approach of taking query results between the middle points of two primers was employed. The two cDNAs we this exon are then needed to locate the boundaries.
There is a practical limit to the size of an exon that studied were atypical: PRDII-BF1 is 9 kb in length and the 3-kb hMSH2 gene has 16 exons. A total of three will be amenable to having its exon boundaries determined by LMPCR. To determine the DNA sequence of rounds and 105 primers were used on the hMSH2 gene. We then tested the ExonPCR algorithm with the hMSH2 a boundary, a pair of heminesting primers must be placed within the exon (see Figs. 3I and 3J ). The primgene assuming that the resolution obtained in each round was similar to that in the actual experiment. Only 85 ers may overlap to a small degree ), but the practical lower limit to the size of an primers (a savings of 20 primers) were needed to obtain a similar average final resolution of exon boundary loca-exon that can be analyzed in this fashion is perhaps 30 bp (assuming that primers are on the order of 18-tion. Even though the number of required primers is al-
